4. Luppi, P.H., Peyron, C., and Fort, P. (2016 shape as they grow. Classically, their growth has been described by a simple model in which cells increase in length while maintaining a constant width [4, 5] . This model was supported by functional studies of structural proteins like MreB, the bacterial actin orthologue, which provides a mechanistic link between elongation and width control [6] . Other experiments demonstrate that cell length and width don't provide the full story [7, 8] . For example, strains harboring mutations in mreB show irregular cell widths, but nevertheless still maintain their surface area to volume ratio (SA/V) near wild-type levels. In a new study published recently in Cell, Harris and Theriot [9] developed and tested a quantitative model in which they hypothesize that the relative growth between a bacterium's cell-wall surface and its cytoplasmic volume is the primary determinant of cell size and shape. Growth is intimately related to shape [10] . During growth, cells expand their surface by adding new material to the cell wall and membrane [11] . Simultaneously, synthesis of new cytoplasmic content increases the cell's volume. Harris and Theriot [9] make the intuitive hypothesis that growth of the cell wall and cytoplasm must then be coupled to each other in some way based on the biosynthetic capacity of a cell. In this context, the relationship between surfacearea growth and volume growth is intimately related to cell size ( Figure 1A,B) . Different growth rates define the average cell SA/V, and cell length and width can be adjusted to tune the cell's shape to match this SA/V.
Harris and Theriot [9] set out to understand how the growth of rodlike bacteria impacts their shape. In their manuscript, they propose a relative-growth model in which bacterial volume (cytoplasm) and surface area (cell wall) increase at rates directly proportionally to bacterial volume (V), with proportionality constants a and b, respectively; i.e. volume growth rate = aV, and surfacearea growth rate = bV. Therefore, the relative growth rates of these two parameters would define the steadystate SA/V = b=a. To test the predictions of this model, the authors hypothesized that applying drugs and conditions that impact cell wall or overall cell growth would result in perturbed a 0 and b 0 . Consequently, after perturbation, the cell population should approach a new SA/V = b 0 =a 0 , reflected in changes to cell length and width.
The authors tested three conditions that shift a and b in different ways. Fosfomycin was used to selectively attenuate cell wall growth rates with relatively little effect on overall cytoplasmic growth rates (a 0 ya and b 0 < b). Cells shifted from nutrient-poor medium into nutrient-rich medium increase both cell wall and cytoplasmic growth rates, as was expected with greater nutrient availability (a 0 > a and b 0 > b). The ribosome inhibitor, chloramphenicol, was used to reduce the biosynthetic capacity of the cell, and this antibiotic led to more complex evolutions of a and b. In each of these cases, the authors found that steady-state and dynamic measurements of cell size and growth confirm the quantitative predictions of the relative-growth model. Under all these conditions, cells adopted a new SA/V by changing their average length and width to match the new a and b parameters ( Figure 1C,D) . The changes in SA/V followed characteristic exponential Current Biology Dispatches decays with time constants equal to a. Furthermore, independent derivations of a and b were all found to be consistent with one another. Taken together, these findings show that a key cellular response to changes in growth is to establish a new SA/V. These experiments also provided a way to test how cell growth impacts cell size. In the case of fosfomycin exposure and shifts to rich medium, cells became longer and wider despite differing effects of these conditions on cell-wall and cytoplasm synthesis. When exposed to chloramphenicol, the cells show two phases; cells first shrink, and then become larger in size. Strikingly, steady-state cell size becomes larger when overall cell growth rate increases (shift to rich medium) or when it decreases (antibiotic exposure). Therefore, cell size is not a simple outcome of increased growth rate. Instead, cell size varies with the predicted changes in SA/V under these conditions, an observation that is consistent in the context of the relative-growth model. Thus, the authors provide further evidence that SA/V is a primary determinant of cell size and shape.
In a population of cells, the average SA/V is defined by the relative growth rates of these parameters. However, cell populations are made up of individual cells, in which SA/V is expected to change depending on specific events that occur during the cell cycle. In particular, the process of septation will increase SA/V, as new cell wall is constructed to divide an existing cell into two ( Figure 1B) . Further, the timing of septation determines the average cell length, which has a strong impact on a cell's SA/V. Where does the new cell-wall material come from, and how is the timing of septation determined?
The authors propose answers to both of these questions based on the relative-growth model. To do so, they make a distinction between the rate of synthesis of cell-wall material and the rate of its incorporation. While synthesis is assumed to remain proportional to cell volume at all times, the amount of cell-wall material incorporated may change during the cell cycle. Indeed, measurements on single cells reveal that the cell wall is incorporated relatively slowly during elongation and relatively quickly during septation ( Figure 1A,B) . Based on their model, the authors hypothesize that during elongation an excess of cell-wall material is synthesized but not incorporated. This excess material forms a 'reservoir' that can fulfill the increased demand for cell-wall incorporation during septation. This scenario raises the intriguing possibility that excess cell-wall synthesis provides a way for the cell to time cell division in a manner that is related to proposed 'adder' mechanisms [12] . Consistent with this possibility, the authors calculate that division is triggered when the cell has accumulated enough excess cell wall to construct the two new hemispherical caps during septation.
The relative-growth model is a powerful framework to understand many observations regarding bacterial growth, shape, and size regulation. Harris and Theriot [9] convincingly show that cells primarily adjust their SA/V to compensate for changes in growth. But, for any value of SA/V, there are multiple shapes and sizes that can satisfy that constraint -so how do cells choose from within this solution space? Structural proteins such as MreB may place additional shape constraints that must be fulfilled during cell growth, forcing the cell to elongate and preventing bulging in the middle. Can these or other regulatory proteins sense changes in growth rates and redirect growth to modulate or preserve cell shape accordingly [13] ? What are the functional consequences of this regulation [14] ? It would also be interesting to consider whether the relative-growth model applies to cells with more complex shapes. How well can relative surface-area growth and volume growth describe more complex shapes of diatoms, neurons and other cells? What additional mechanisms are necessary to achieve these shapes?
Such questions are key to understanding processes like polarization and asymmetric division, in which the cell makes local decisions regarding whether growth will occur. Loss of symmetry may require that the relative growth rates of cell surface and volume vary depending on location, implying the need for subcellular sensing of size [15] . The answers will shed light on our understanding of the morphogenesis not just of cells, but of biological structures spanning all size scales, including organelles, organs, and organisms.
